Abstract. The paper presents an analytical model for the estimation of shear stress at the interface of adhesively bonded layers in laminated composites. For this purpose, a new shear stress function is proposed that accounts for the influence of shear lag in laminates assembled using adhesive layers of different types and thicknesses. In addition to the estimation of interfacial stress, the function can be used to determine the difference in normal strains and axial displacements in adjoining layers.
Introduction
Composite laminates are used in a multitude of engineering applications because of the ability to achieve superior and directionally prevalent mechanical performance per unit weight compared to bulk materials [1] . In this regard, a key factor governing the overall mechanical performance of laminates is the efficiency of load transfer at the interface of adjoining layers, which is assumed to be perfect by conventional laminate theories. In reality, the transfer efficiency is affected by the development of interlaminar shear stress in the interface between these layers [2] . This shear stress is accounted for in this paper by means of a newly developed stress function. The parameters of the function are determined by fitting against numerical simulation results using finite element analysis. Experimental validation is then carried out for the case of a 3-layer adhesively bonded aluminium laminate.
Materials and methods
The model for interlaminar shear proposed in this work is derived based on the shear lag model (SLM) [3, 4] , which describes stress distribution and mechanical properties of the interface [5, 6] . The model is developed for a laminate consisting of n metallic sheets, as shown in figure 1 , each of width a, thickness t, and length 2L. The metal sheets are bonded by means of adhesive layers of matching width and length, of thickness s. in which , , , are scalar parameters that depend on the properties of the laminate. This expression of ( ) is based on observations made in earlier work [2] . Once the parameters of the stress function ( ) are determined, the distribution of shear stress in interface can be found from the difference in normal strain ( . −1 − . ). Moreover, if one side of the laminate is fixed, the average axial displacement of the tip in each layer is obtained by the integral
Characterization of the parameters of the stress function
The general procedure for determining the parameters of the function ( ) consists in fitting the analytical expression of the function to results of numerical simulation of the laminates. These results give access to numerical estimates of ( ). As an example, finite element analysis of a 3-layer aluminium laminate with the parameters listed in Table 1 was carried out for adhesives with Young's moduli ranging from 0.9 to 5 GPa. In each case, the average tip displacement of the laminate was calculated and fitted to its expression in terms of ( ), resulting in the values of , , , listed in Table 2 . A plot of the fitted function versus numerical simulation results is shown in figure 2 . In this case, very good accuracy is achieved with a maximum relative error not exceeding 2% in magnitude ( figure 3 ). 
Experimental validation
Experimental validation was carried out for the case of 3-layer AA 1100 H-14 aluminum laminates, bonded using the Cytec PRISM EP2400 thermosetting epoxy resin. The aluminum layers consisted of plates of thickness t = 0.9 mm. The surfaces of the plates were abraded to uniform roughness resulting in a uniform mat appearance, then cleaned using alcohol and water in preparation for the application of the adhesive layer. The adhesive was then deposited uniformly on the surfaces to be joined, and the layers were clamped to avoid side-ways sliding. The resin was cured at 178 C for two hours then cooled and maintained at room temperature for 24 hours. The resulting Young modulus for the cured resin was E a = 3.4 GPa according to manufacturer's specifications. The laminate was finally loaded in an Instron 5969 UTM equipped with a 50 kN load cell and the tip displacement measured using extensometers of gauge lengths 25, 50 and 75 mm. As shown in Table 3 , the experimental measurements are predicted to good accuracy by the analytical model, using the fitted stress function reported earlier. 
Conclusion
A model for shear stress at the interface of adhesively bonded laminates was proposed based on SLM. The model introduces a novel analytical stress function to relate the shear stress that develops in an interface to the difference in axial strain, and therefore the elongation, in adjoining layers. The function is assumed to present exponential dependence on the Young modulus of the adhesive and features 4 scalar parameters that can be determined by fitting to numerical simulation results. Experimental validation of the proposed model was successfully carried out for the case of a 3-layer aluminum laminate bonded using a thermosetting resin. The work contributes to improving our understanding of the properties and behavior of adhesive interfaces and presents strong potential for application by simplifying the design and analysis of adhesively bonded composite laminates.
